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In  this  work,  lanthanide  oxysulfide/oxysulfate  compounds,  denominated  as  an  oxygen  storage  and  release 
system,  have  been  synthesized  from  the  anode  electrodes  of  spent  Ni-MH  batteries.  The  rare  earth  metals 
have  recovered  by  means  of  chemical  precipitation  as  a  mixture  of  La2(S04)3,  Ce2(S04)3t  and  Nd2(S04)3.  The 
synthesis  of  (La  Nd)02S  Ce02  have  been  carried  out  by  subjecting  a  mixture  of  La2(S04)3,  Ce2(S04)3,  and 
Nd2(S04)3  to  a  heat  treatment  in  a  reducing  atmosphere  up  to  1000  °C.  The  (La  •  Nd)02S04-  Ce02  compounds 
have  been  obtained  after  thermal  treatment  of  (La  Nd)02S  Ce02  in  a  synthetic  air  atmosphere.  The  oxy¬ 
sulfide/oxysulfate  compounds  have  been  subjected  to  thermal  cycles,  respectively,  in  synthetic  air  as  well 
as  in  an  N2— CO  atmosphere.  The  thermogravimetric  plot  (TG)  for  (La  Nd)202S  Ce02  shows  a  mass  gain  of 
14.98%  w/w  in  a  temperature  range  of  300— 550  °C,  which  is  due  to  the  oxidation  of  (LaNd)202SCe02  to 
(La  •  Nd)202S04Ce02,  where  2  mol  of  02  are  added.  Likewise,  in  the  (La  •  Nd)202S04Ce02  thermogravimetric 
plot,  a  mass  loss  of  17.16%  w/w  is  observed  in  the  range  of  500—750  °C.  This  loss  of  mass  can  be  associated 
with  output  of  2  mol  of  02  forming  again  the  (La  Nd)202S  Ce02.  The  transformation  of  the 
(La  Nd)2  02S  Ce02  to  (La  Nd)202S04Ce02  causes  an  increase  in  the  macropores. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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The  Ni-MH  batteries  have  as  an  anode  a  metal  alloy,  which  in 
most  cases  is  the  type  AB5,  where  A  =  La,  Ce,  Pr,  Nd,  and  B  =  Ni,  Co, 
Mn  and  Al.  AB5  alloys  have  the  ability  to  absorb  a  large  volume  of 
hydrogen  as  a  metal  hydride.  The  cathodes  electrodes  of  these 
batteries  are  produced  by  pressing  Ni(OH)2  into  the  metallic  Ni 
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substrates.  Additives  such  as  Co,  Zn,  and  Mn  are  incorporated  into 
the  cathodes  to  increase  the  cycle  stability  and  high-rate  perfor¬ 
mance.  Ni-MH  batteries  used  in  cell  phones  have  lost  their  market 
value  after  the  introduction  of  Li-ion  batteries,  which  have  higher 
energy  density.  Therefore,  a  large  volume  of  Ni-MH  batteries  have 
become  unsuitable  for  use,  having  to  be  discarded  as  electronic 
waste.  For  the  rare  earth  metals,  for  example,  mineral  resources  are 
abundant  but  they  extraction  and  separation  requires  a  high  level  of 
technology,  which  increases  the  cost  of  industrial  production.  In  this 
context,  the  recycling  of  spent  Ni-MH  becomes  attractive  from 
economic,  ecological,  social,  and  scientific  viewpoints  1-4  .  The 
recovery  of  rare  earth  metals  through  a  hydrometallurgical  method 
can  be  performed  using  techniques  such  as  chemical  precipitation, 
solvent  extraction,  and  metal  electrodeposition  [5-14].  From  the 
negative  electrodes  of  Ni-MH,  compounds  such  as  (LnO^S  and 
(Ln0)2S04  (Ln  =  La  and  Nd)  can  be  synthesized,  which  are 
denominated  as  lanthanide  oxysulfide  and  oxysulfate,  respectively. 
They  can  be  applied  as  an  oxygen  storage  system.  Oxygen  storage  is 
the  ability  that  certain  compounds  have  to  store  oxygen  into  their 
structure  under  heating  in  an  oxidizing  atmosphere  and  to  release  it 
under  heating  in  a  reducing  atmosphere.  M.  Machida  et  al.  [15] 
studied  the  thermal  and  catalytic  properties  of  lanthanide  oxy- 
sulfides:  La,  Pr,  Nd,  and  Sm.  They  concluded  that  these  materials  can 
store  and  release  oxygen  at  temperatures  ranging  between  600  and 
800  °C,  depending  on  the  lanthanide  metals  used.  The  highest  ef¬ 
ficiency  was  found  for  (PrO^S,  which  was  able  to  absorb  oxygen  at  a 
temperature  of  600  °C.  Compounds  of  type  (LnO^S  and  (Ln0)2S04 
(Ln  =  La,  Nd,  and  Pr)  may  also  be  used  as  catalysts  in  automotive 
emission  control  systems.  The  catalysts  used  in  automotive  systems 
are  currently  of  the  type  Ce02-Zr02,  capable  of  absorbing  0.25  mol 
O2  per  1  mol  of  the  catalyst.  Lanthanide  oxysulfide  has  a  higher 
efficiency  and  is  capable  of  absorbing  up  to  2  mol  per  mol  of  catalyst, 
as  shown  in  Eq.  (1)  [15-20]: 

Ln202S  +  2O2  <=±Ln202S04  (1) 

In  some  cases,  the  gases  released  in  fuel  reforming  may  contain 
an  amount  of  sulfur  that  causes  contamination  in  Ce02-based  cat¬ 
alysts  16].  Systems  such  as  the  (LnO^S  and  (LnO^SC^  (Ln  =  La,  Nd, 
and  Pr)  are  able  to  tolerate  significant  amounts  of  sulfur  during  the 
catalysis  process,  making  it  interesting  for  applications  where  there 
is  gaseous  sulfur  present  in  the  gas  mixture. 

In  the  present  work,  lanthanide  oxysulfate/oxysulfide  catalysts 
were  synthesized  from  a  mixture  of  lanthanide  sulfates  recovered 
from  the  anodes  of  spent  Ni-MH  batteries.  The  capacity  of  the  oxygen 
storage  and  release  of  (La  Nd)202S  Ce02  and  (La  Nd)02S04.Ce02 
compounds  are  analyzed  through  thermal  cycles  in  synthetic  air  and 
an  N2-CO  atmosphere,  respectively.  The  structure  and  composition 
of  the  lanthanide  oxysulfide/oxysulfate  were  determined  by  thermal 
gravimetric  analysis  (TGA),  X-ray  diffraction  (XRD),  Fourier  Trans¬ 
form  Infrared  Spectroscopy  (FT-IR)  and  scanning  electron  micro¬ 
scopy  (SEM).  The  recycling  efficiency  was  measured  by  inductively 
coupled  plasma  optical  emission  spectrometry  (ICP  OES).  The  orig¬ 
inal  contribution  of  this  work  is  the  development  of  a  methodology 
for  obtaining  lanthanide  oxysulfide/oxysulfate  catalysts  as  a  good 
way  to  recycle  the  lanthanides  present  in  spent  Ni-MH  batteries. 

2.  Experimental 

2.1.  Characterization  of  the  anodes  from  spent  Ni-MH  batteries  by 
XRD  and  ICP  OES 

The  batteries’  composition  depends  on  the  type,  the  manufac¬ 
turer,  and  the  year  manufactured.  In  this  work,  Motorola  type 
Ni-MH  cellular  phone  batteries  were  chosen  because  a  greater 


amount  of  these  batteries  were  in  household  waste.  A  Ni-MH  bat¬ 
tery,  according  to  the  manufacturer,  has  a  capacity  of  1000  mAh 
and  3.6  V.  Spent  Ni-MH  batteries  were  physically  dismantled 
and  separated  into  the  cathode  electrode,  consisting  of  NiOOH/ 
Ni(OH)2,  the  separators,  plastics  and  packaging,  and  the  anode 
material  placed  on  the  current  collector.  The  anode  material  was 
manually  separated  from  the  current  collector  and  dried  at  50  °C  for 
3  h.  To  determine  their  composition,  the  anodes  materials  were 
characterized  by  means  of  XRD  and  ICP  OES.  For  ICP  OES  analysis, 
1.0  g  of  the  anode  material  was  dissolved  in  50.0  mL  of  HNO3 
7.4  mol  L -1. 

2.2.  Synthesis  of  the  precursor  material  Ln2(S04)3 

L.  Li  et  al.  13]  reported  the  chemical  recovery  of  lanthanides 
type  Ln2(S04)3  with  high  efficiency.  Bertuol  et  al.  [14]  established 
an  optimum  pH  for  the  recovery  of  lanthanide  sulfates,  where 
process  efficiency  reaches  high  values.  The  most  common  methods 
for  obtaining  lanthanide  oxysulfides  are:  i)  from  decomposition  of 
commercial  Ln2(S04)3  by  heating  at  900  °C  in  an  N2  atmosphere  for 
5  h,  followed  by  heating  in  an  H2  atmosphere  at  800  °C,  ii)  by  a 
route  having  the  complexation  of  the  lanthanide  with  an  organic 
sulfonate  followed  by  heating  in  an  H2  atmosphere  at  800  °C  [17- 
20  .  In  this  work,  the  synthesis  of  the  Ln2(S04)3  (where  Ln  =  La,  Ce, 
and  Nd)  mixture,  was  performed  weighing  10.0  g  of  the  anode 
material  and  then  adding  to  the  anode  material  500.0  mL  of  an  acid 
solution  made  of  H2SO4  3.0  mol  L-1  and  H2O2  30%  v  v-1  in  9:1.  The 
mixture  was  subjected  to  constant  agitation  at  a  temperature  of 
80  °C  for  2  h  to  complete  solubilization  of  the  anode  material.  After 
dissolution,  the  pH  of  the  solution  was  0.2.  To  obtain  the  mixture  of 
Ln2(S04)3, solid  NaOH  was  added  until  the  pH  reached  a  value  of  1.5, 
where  precipitation  of  the  mixture  occurs.  The  solution  was 
allowed  to  stand  for  total  decantation  of  the  solid  and  was  filtered 
under  vacuum.  The  resulting  solution  after  the  filtration  step  was 
subjected  to  ICP  OES  analysis  to  calculate  the  recovery  efficiency. 
The  filtrate  was  then  dried  in  an  oven  at  60  °C  for  24  h  and  char¬ 
acterized  by  means  of  XRD  and  FT-IR  techniques. 

2.3.  Thermal  cycling  of  the  (La  ■  Nd J2O2S  ■  Ce02  and  (La  •  Nd ) 

02S04  Ce02  compounds 

The  Ln2(S04)3  (Ln  =  La,  Ce,  and  Nd)  mixture  was  heat  treated  in 
a  gas  mixture  flow  of  N2  and  CO  (50  mL  min-1 )  with  a  volume  ratio 
of  2:1,  respectively,  up  to  1000  °C  (10  °C  min-1),  to  obtain  the 
(La  Nd)202S  Ce02.  The  residue  was  collected,  and  the  XRD  tech¬ 
nique  was  used  for  characterization.  To  evaluate  the  reduction/ 
reoxidation  behavior  of  the  recycled  material,  (La-Nd)202S-Ce02 
was  submitted  to  a  thermal  cycle  in  the  TGA  instrument.  First,  it 
was  oxidized  in  a  synthetic  air  mixture  (50  mL  min-1)  up  to  1000  °C 
(10  °C  min-1)  to  obtain  the  oxysulfate  phase  (La  Nd)02S04.Ce02. 
After  that,  it  was  reduced  using  in  a  N2  and  CO  mixture 
(50  mL  min-1)  up  to  1000  °C  (10  °C  min-1),  recovering  the  oxy¬ 
sulfide  (La-Nd)202S-Ce02.  Both  lanthanide  oxysulfate  and  oxy¬ 
sulfide  were  characterized  by  means  of  FT-IR,  XRD,  and  SEM. 

2.4.  Characterization  techniques 

All  XRD  analysis  was  performed  on  D8  Advance  equipment  from 
Brukker  with  monochromated  Cu  Ka  radiation.  For  ICP  OES  anal¬ 
ysis,  a  Perkin  Elmer  Optima  7000  DV  ICP  OES  was  utilized,  using  a 
radial  view  with  a  sample  flow  of  1.5  mL  min-1  and  a  power  of 
1300  W.  The  FT-IR  characterization  was  made  using  a  Perkin  Elmer 
Spectrum  400  with  an  ATR  (Attenuated  Total  Reflectance)  accessory 
with  a  ZnSe  crystal.  The  measurements  of  TGA/DTGA  were  per¬ 
formed  on  a  TGA  Instruments  SDTQ600  using  alumina  crucibles 
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and  a  mass  of  approximately  20.00  mg.  For  SEM  analysis,  a  scanning 
electron  microscope,  model  JEOL  6610LV,  was  used. 

3.  Results  and  discussions 

3.1.  Characterization  of  the  anode  and  the  leaching  solution  before 
and  after  the  rare  earth  metals  recovery 

Fig.  1  shows  typical  X-ray  diffraction  of  the  anode  from  a  spent 
Ni-MH  battery.  The  peaks  were  compared  to  the  standards  of  the 
Joint  Committee  on  Powder  Diffraction  Standards  (JCPDS).  The 
presence  of  the  alloy  LaNi5  (JCDPS  12-497),  with  a  hexagonal  ge¬ 
ometry,  can  be  identified.  Metallic  Ni  (JCDPS  1-1260),  with  a  cubic 
structure,  and  Co  (JCDPS  1-1278),  with  a  hexagonal  structure,  are 
also  identified.  Cobalt  is  added  to  reduce  the  alloy  fragmentation 
during  the  absorption/desorption  cycles  [21  .  The  concentrations  of 
the  constituents  in  the  dissolution  solution  of  the  anodes  material 
taken  from  the  Ni-MH  batteries  are  shown  in  able  1.  It  is  observed 
that  Ni2+  has  a  higher  concentration  in  the  constitution  in  the 
dissolution  solution  of  the  anodes  materials,  La3+,Ce3+,Nd3+,and 
Co2+  are  also  detected.  In  fable  2  are  placed  the  values  of  concen¬ 
trations  in  the  solution  for  Ni2+,  Co2+,  La3+,Ce3+,  and  Nd3+,  deter¬ 
mined  by  ICP  OES,  obtained  after  precipitation  and  separation  of 
Ln2(S04)3  Ln  =  La,  Ce,  Nd.  From  the  data  in  Tables  land  2,  we  can 
calculate  an  efficiency  of  99.9%  for  the  recovery  of  lanthanides  La, 
Ce,  and  Nd.  The  mass  ratio  of  La,  Ce,  and  Nd  present  in  the  recovered 
material  is  respectively  equal  to  6:3:1. 

3.2.  Characterization  of  the  recycled  Ln2(S04)3(Ln  =  La,  Ce,  and  Nd) 
by  XRD,  FT-IR,  TG  and  DTG  analyses 

The  XRD  pattern  of  the  rare  earth  precipitate  recovered  can  be 
seen  in  Fig.  2.  The  peaks  were  compared  to  the  standards  of  the  Joint 
Committee  on  Powder  Diffraction  Standards  (JCPDS).  Were  identi¬ 
fied  La2(S04)3  (JCDPS  1-74),  Ce2(S04)3  (JCDPS  1-208)  and  Nd2(S04)3 
(JCDPS  23-1265).  The  infrared  spectrum  of  the  recovered  material  is 
shown  in  Fig.  3.Typical  sulfate  bands  are  observed  in  the  region  of 
1000-1150  cm-1.  The  strong  band  at  1095  cm”1  and  the  doublet  at 
1120-1150  cm-1  are  assigned  to  the  deformation  of  the  S-0  bond, 
while  the  weaker  band  at  1003  cm”1  is  attributed  to  an  oxygen 
molecule  coordinated  with  the  lanthanide  sulfate.  The  peaks  for 
stretching  and  deformation  of  the  O-H  bond  are  observed  in  the 


Fig.  1.  Typical  X-ray  diffraction  spectrum  of  the  anode  electrode  from  a  spent  Ni-MH 
battery. 


Table  1 

ICP  OES  analysis  results  for  the  solution  of  the  anode 
material  electrode. 


Element 

Concentration  (ppm) 

Ni 

134.7 

Co 

14.5 

La 

47.6 

Ce 

23.7 

Nd 

6.7 

regions  between  3400  and  3650  cm-1  and  1616  cm-1  respectively, 
indicating  the  presence  of  the  adsorbed  water  molecule  [22].  Fig.  4 
is  the  thermogram  for  the  Ln2(S04)3  when  subjected  to  heat  treat¬ 
ment  in  a  reducing  atmosphere  of  N2-CO.  A  loss  of  5.72%  w/w  of  the 
initial  material  is  observed  in  the  range  of  200-320  °C,  corre¬ 
sponding  to  the  loss  of  2  mol  of  H20,  identified  by  FT-IR  analysis.  The 
reaction  is  represented  in  the  following: 

(La-Nd-Ce)2(S04)3(H20)22^^C(U-Nd-Ce)2(S04)3  +2H20 

(2) 

The  compound  remains  thermally  stable  until  700  °C;  in  the 
range  of  700  °C-900  °C,  a  mass  loss  of  38.78%  w/w  occurs,  forming 
a  stable  compound  at  900  °C.  In  the  DTGA  curve,  a  peak  at  832.98  °C 
is  evidenced;  this  peak  can  be  associated  with  the  reduction  reac¬ 
tion  of  La  and  Nd  sulfate  to  oxysulfide  phase  and  the  oxidation  of 
carbon  monoxide  to  carbon  dioxide  [17-19  .  The  calcination  of 
Ce2(S04)3  under  these  conditions  is  not  capable  of  forming  Ce202S. 
Ce  (III)  is  oxidized  to  Ce  (IV)  and  the  carbon  monoxide  is  oxidized  to 
carbon  dioxide  [17].  The  chemical  reactions  in  the  second  period  of 
mass  loss  can  be  described  as: 

(La-Nd)2(S04)3  +  2C08^-^C(La-Nd)202S  +  2S02  ,3. 

-T  2C02  +  202 

Ce2(S04)3  +  2C08^LC2Ce02  +  3so2  +  2C02  (4) 

Overall  chemical  reaction  of  the  second  range  of  mass  loss: 

(La-NdCe)2(S04)3  +4C08^-^C(LaNd)202S-2Ce02  +  5S02 
+  4C02  +  202 

(5) 

X-ray  diffraction  of  the  residue  (Fig.  5)  was  made  in  addition  to 
the  data  of  TGA  and  DTG  measurements.  In  the  XRD  pattern,  the 
presence  of  (LaO)2S,  (NdO)2S  and  Ce02  was  detected,  which  cor¬ 
roborates  with  the  thermal  degradation  reactions  proposed  (Eq. 
(5)).  The  oxysulfide  had  a  rhombohedral  structure  (P3ml)  similar 
to  that  reported  by  other  authors  17]  and  the  cerium  (IV)  oxide  had 
a  cubic  structure  typical  of  the  Ce02  used  in  the  Ce02-Zr02  cata¬ 
lysts  [17,23].  A  comparison  between  the  experimental  and  theo¬ 
retical  loss  of  mass  is  presented  in  Table  3.  Good  agreement  was 


Table  2 

ICP  OES  analysis  results  for  the  solution  of  the  anode  material 
electrode  after  rare  earth  recuperation. 


Element 

Concentration  after  extraction  (ppm) 

Ni 

133.5 

Co 

13.2 

La 

0.06 

Ce 

0.01 

Nd 

Not  detected 

166 
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Fig.  2.  Typical  X-ray  diffraction  spectrum  of  the  rare  earth  oxysulfate  recovered  from 
the  anodes  of  the  spent  Ni-MH. 

found  between  the  experimental  and  theoretical  results.  This 
confirms  t  the  mechanism  for  lanthanide  oxysulfide/oxysulfate 
formation. 

3.3.  Thermal  analysis  of  the(La  •  Nd J2O2S  •  Ce02and(La  •  Nd ) 

02S04  Ce02  compounds 

The  (La  Nd)202S  Ce02  and  (La  Nd)02S04.Ce02  compounds 
were  subjected  to  thermal  cycles  in  synthetic  air  and  N2-CO  at¬ 
mospheres,  respectively,  to  verify  their  capacities  as  oxygen  storage 
systems.  Fig.  6(a)  is  the  thermogram  curve  for  the  oxidation  of 
(LnO)2S  and  CeC>2.  A  mass  gain  of  14.98%  w/w  can  be  observed  in 
the  temperature  range  of  300-550  °C.  This  weight  gain  is  attrib¬ 
uted  to  the  oxidation  reaction  of  (La  Nd)202S  Ce02  to  (La-Nd) 
02S04.Ce02,  where  2  mol  of  O2  are  added  to  the  oxysulfide  mole¬ 
cule.  Fig.  6(b)  is  the  thermogram  curve  for  (La  •  Nd)202S04Ce02  in  an 
N2-CO  atmosphere.  A  mass  loss  of  the  17.16%  w/w  is  observed  in 
the  range  500-750  °C,  which  is  associated  with  the  loss  of  2  mol  of 
O2  due  to  the  reduction  process.  In  this  case,  the  (La  Nd)202S  Ce02 


Fig.  3.  Infrared  spectroscopy  spectrum  of  the  rare  earth  oxysulfate  recovered  from  the 
anodes  of  the  spent  Ni-MH. 


Fig.  4.  Thermogravimetric  and  differential  thermogravimetric  curves  for  materials 
recovered  by  chemical  precipitation:  N2-CO  atmosphere,  scan  rate  of  10  °C  min-1, 
alumina  crucible. 

is  regenerated.  A  regeneration  temperature  range  for  the  process  of 
oxidation/reduction  observed  in  the  recycled  material  is  smaller 
than  that  already  reported  by  other  authors.  The  lowest  tempera¬ 
ture  range  for  these  types  of  catalysts  was  reported  for  (PrO^S  by 
M.  Machida  et  al.  [17  ,  where  it  is  able  to  oxidize  at  temperatures 
above  600  °C. 

The  materials  left  after  the  thermal  treatments  in  oxidizing  and 
reducing  atmospheres  were  characterized  by  FT-IR  and  XDR  tech¬ 
niques  to  determine.  The  FT-IR  spectrum  of  (La  Nd)202S04Ce02  is 
shown  in  Fig.  7(a).  In  this  Figure,  we  can  observe  the  presence  of 
peaks  relating  to  the  formation  of  S-0  bonds  in  the  region  between 
990  and  1200  cm-1.  The  peaks  at  1149  cm-1  and  1096  cm'1  as  well 
as  the  shoulder  at  1124  cm-1  are  related  to  the  oxygen  of  the  sulfate 
group  that  are  not  coordinated,  whereas  the  weaker  peak  at 
1003  cm'1  is  relative  to  the  oxygen  of  the  sulfate  group  coordinated 
to  the  metal.  In  the  infrared  spectrum  of  the  (La  Nd)202S  Ce02, 
shown  in  Fig.  7(b),  no  bands  in  the  infrared  region  studied  were 
found.  This  fact  is  indicative  of  the  oxysulfide  formation  because 
the  bonds  present  in  this  kind  of  material  are  of  the  types  S-M  and 
M-O,  where  M  is  a  metal  that  does  not  have  activity  in  this  spectra 
region.  XRD  analysis  was  performed  in  order  to  identify  the  prod¬ 
ucts  formed  after  thermal  treatment. 


Fig.  5.  Typical  X-ray  diffraction  spectrum  of  the  residue  of  the  thermal  treatment  of 
the  rare  earth  oxysulfate. 
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Table  3 

Theoretical  and  experimental  values  of  the  mass  loss  of  Ln2(S04)3,  where  Ln  =  La 
and  Nd. 


Compound 

Temperature 
range  (%) 

Observed 
mass  loss  (%) 

Expected 
mass  loss  (%) 

La2(S04)3 

700-886 

38.76 

39.57 

Nd2(S04)3 

700-886 

38.76 

38.88 

Ce2(S04)3 

700-886 

38.76 

39.43 

In  Fig.  8(a)  the  XRD  pattern  from  the  residue,  of  the  heat 
treatment  of  (LaNd)02SCe02  in  a  synthetic  air  atmosphere,  is 
shown.  Peaks  of  (La0)2S04,  (Nd0)2S04  and  Ce02  are  identified. 
Lanthanum  and  neodymium  oxysulfate  both  have  a  monoclinic 
(C2/c)  structure  and  are  in  accordance  with  the  material  reported  in 
the  literature  [15-17].  The  Ce02  has  the  same  structure  as  that 
obtained  in  the  reduced  phase,  demonstrating  that  only  lanthanum 
and  neodymium  oxysulfides  act  as  store  oxygen. 

Fig.  8(b)  is  the  diffractogram  of  the  residue  of  the  heat  treatment 
of  the  (LaNd)02S04.Ce02  in  an  N2-CO  atmosphere.  The  diffraction 
pattern  is  similar  to  that  shown  in  Fig.  5,  indicating  that  (La  N- 
d)202SCe02  is  formed.  The  materials  have  the  same  crystal 
structure  as  those  obtained  by  thermal  degradation  of  the  starting 
material.  We  notice  that  there  is  no  evidence  of  a  structural  change 
in  Ce02,  which  proves  that  it  does  not  participate  in  the  oxygen 
storage/release.  In  agreement  with  the  thermal  measurements  in 
addition  to  the  FT-IR  and  XRD  analyses,  the  chemical  reaction  is 
described  by  Eq.  (6): 

(La  •  Nd)202S  •  Ce02  +  202  (La  •  Nd)202S04  •  Ce02  (6) 

Table  4  shows  a  comparison  between  theoretical  and  experi¬ 
mental  values  of  loss  and  gain  of  mass  in  the  thermal  cycling  of  the 
catalysts.  Similar  values  were  found,  indicating  a  good  reversibility 
of  recycled  material.  These  results  demonstrate  that  the  material 
obtained  by  recycling  from  anodes  of  spent  Ni-MH  batteries  has  a 
good  ability  to  store  and  release  oxygen. 

Fig.  9(a)  and  (b)  show  the  micrographs  of  (La  Nd)2  02S  Ce02 
and  (La  Nd)202S04Ce02,  respectively.  The  micrographs  of  the 
recycled  material  show  macropores  larger  than  50  nm.  In  Fig.  9(a) 
and  (b),  we  can  visualize  the  formation  of  agglomerates  and  large 
pores  between  the  agglomerates  that  facilitate  the  diffusion  of  gas 


Fig.  6.  Thermogravimetric  curve  for:  (a)  (La-Nd)202S-Ce02,  in  synthetic  air  atmo¬ 
sphere  and  (b)  (La  Nd)202S04Ce02,  in  N2-CO  atmosphere. 


Fig.  7.  Infrared  spectroscopy  spectrum:  (a)  (La  Nd)202S04Ce02and  (b)  (LaNd)202S-Ce02. 


(a) 


(b) 


Fig.  8.  Typical  X-ray  diffraction  spectrum  of  the  residue  of  the  heat  treatment  of  the: 
(a)  (La  Nd)02SCe02  in  synthetic  air  atmosphere  and  (b)  (LaNd)02S04.Ce02  in  N2-CO 
atmosphere. 
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Table  4 

Theoretical  and  experimental  values  of  the  mass  loss  of  (Ln0)2S/(Ln0)2S04,  where 
Ln  =  La  and  Nd. 


Compounds 

Observed 

Expected 

Observed 

Expected 

mass  gain  (%) 

mass  gain  (%) 

mass  loss  (%) 

mass  loss  (%) 

(La0)2S/(La0)2S04 

14.98 

15.76 

17.16 

15.76 

(NdO)2S/(NdO)2S04 

14.98 

15.40 

17.16 

15.40 

into  the  material.  The  transformation  of  the  (La  -Nd)2  -02S  Ce02  to 
(LaNd^C^SCHCeC^  causes  an  increase  in  the  macropores  in  the 
agglomerates  and  the  formation  of  a  crystalline  structure  in  the 
format  of  a  micro-plate.  A  structural  transformation  from  a  rhom- 
bohedral  structure  to  a  monoclynic  one  occurs  when  the  (La-N- 
d)202S04Ce02  phase  is  obtained  from  the  (LaNd^ChSCeC^ 
phase  in  the  thermal  oxidation  process.  The  variation  of  the  molar 
volume  provokes  the  disruption  in  the  agglomerates  of  the 
(La-Nd)2  -02S  Ce02  phase.  This  disruption  causes  the  increase  of 
the  macroporosity  visualized  in  Fig.  9(b). 

4.  Conclusion 

In  this  work,  the  chemical  recycling  of  the  anode  from  spent 
Ni-MH  batteries  was  studied.  The  rare  earth  metals  were 


(b) 


Fig.  9.  Micrographs  of  the  materials  recovered:  (a)  (Ln0)2SCe02  and  (b)  (Ln0)2S04.Ce02. 


recovered  by  means  of  chemical  precipitation  as  La2(S04)3, 
Ce2(SC>4)3,  and  Nd2(SC>4)3,  and  an  efficiency  of  99.0%,  determined 
by  ICP  OES,  has  been  reached.  The  synthesis  of  (La-Nd) 
02S04.Ce02(Ce  does  not  form  oxysulfide)  was  carried  out  by 
subjecting  the  mixture  of  La2(S04)3,  Ce2(S04)3,  and  Nd2(S04)3  to  a 
heat  treatment  of  up  to  1000  °C  in  a  reducing  atmosphere.  The 
(La  Nd)202S  Ce02  and  (La  Nd)02S04.Ce02  compounds  were  sub¬ 
jected  to  thermal  cycles  in  synthetic  air  and  N2-CO  atmospheres, 
respectively,  to  verify  their  capacities  to  store  and  release  oxygen. 
In  the  TGA  plot  for  (La  Nd)202S  Ce02,a  mass  gain  of  14.98%  w/w 
can  be  observed,  in  the  temperature  range  of  300-550  °C, 
attributed  to  the  oxidation  of  the  (La  Nd)202S  Ce02  to  (La  N- 
d)202S04Ce02,  where  2  mol  of  O2  molecules  are  added  to  the 
(La  Nd)202S  Ce02.  In  the  TGA  curve  for  (LaNd^C^SCHCeC^a 
mass  loss  of  17.16%  w/w  is  observed  in  the  range  of  500-750  °C. 
This  mass  loss  is  associated  with  the  release  of  2  C^mol,  forming 
again  the  (LaNd^C^SCeC^.  The  transformation  of  the 
(La  Nd)2  02S  Ce02  to  (La-Nd^C^SC^CeC^  causes  an  increase  in 
the  macropores  within  the  agglomerates  and  the  formation  of  a 
crystalline  structure  in  a  micro-plate  format.  We  can  conclude  that 
this  methodology  proved  feasible  for  obtaining  this  kind  of  cata¬ 
lyst,  producing  stable  materials.  It  is  a  similar  activity  to  those 
obtained  through  pure  reagents  and  also  an  efficient  way  to 
recycle  the  lanthanides  present  in  spent  Ni-MH  batteries. 
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